A scanning backscatter lidar, operating at a wavelength of 1.06 µm, was used to measure the volume backscatter coefficient of coastal aerosol at the Mace Head Research Station on the west coast of Ireland during the PARFORCE experiments in September 1998 and June 1999. Lidar measurements under a fixed elevation angle at fixed time intervals provided the depth and evolution of the boundary layer throughout the day. Horizontal scans over the bay near the station indicate that waves breaking on the small islands and rocks in the bay near the station generate coherent plumes of a few hundred meters wide that propagate over distances of more than 5 km. Vertical scans have shown that the initial height of these plumes is a few tens of meters, rising to several hundreds of meters while advected over several kilometers. The backscatter coefficient in the plumes was between a factor of 2 and 10 higher than outside the plume. Large series of consecutive vertical cross sections showed that patches of aerosol plumes are taken aloft in the boundary layer to altitudes of more than one kilometer. So far, no relation was found between the horizontal and/or the vertical extent of the aerosol plumes and the air-to-sea temperature difference. The lidar measurements indicate that in situations that the wind is from over one of the islands the ambient aerosol concentrations can be enhanced by more than a factor 2 due to local aerosol sources.
INTRODUCTION
To better understand processes which control homogeneous heteromolecular nucleation in the coastal boundary layer, the University of Sunderland, UK, organized and conducted the international PARFORCE 1,2 (New Particle Formation and Fate in the Coastal Environment) experiments at the Mace Head Research Station, Carna, Co., Galway, Ireland of the National University of Ireland (NUI) in September 1998 and in June 1999. TNO Physics and Electronics Laboratory participated to PARFORCE with a scanning backscatter lidar system and two flux packages. The lidar was primarily used to measure the height and dynamics of the boundary layer, which was achieved by operating the lidar under a fixed elevation angle. The scanning capabilities of the TNO lidar were applied to map aerosol sources near this coastal site and to follow the spatial and temporal evolution of the locally generated plumes. The flux packages were used to characterize the micrometeorological condition at the site during the experiments. One flux package was mounted in the tower at about 20 m above the surface and a second flux package was mounted on a 3 m mast near the shore line. Fluxes of momentum and sensible heat were calculated from the covariance of the 20 Hz time series using the eddy correlation technique. In addition, mean values and variances of wind speed, wind direction and air temperature were calculated as well as the friction velocity, the Monin-Obukhov length and atmospheric stability. On the 3 m mast also a high frequency hygrometer was mounted to measure the water vapor flux. Additional instruments were installed for solar irradiance, air and water temperature, tide and relative humidity.
The main objective of this paper is to present results obtained with the scanning backscatter lidar during the PARFORCE campaigns. Other lidar results will be published in a forthcoming paper 3 . Results from the flux packages are published elsewhere 4, 5 . 
MACE HEAD STATION
The Mace Head Atmospheric Research Station (53.20 N, 09.54 W) is located on the west coast of Ireland in Connemara, a sparsely populated area, some 50 miles west from the city of Galway, and directly exposed to the North Atlantic Ocean 6, 7, 8 . During conditions of westerly winds and after sufficiently long fetch, the Mace Head station is exposed to pure maritime and clean arctic atmospheres. Under these conditions the generation and growth of new particles due to photochemical reactions has been studied 9, 10, 11 . Mace Head is the most westerly research station in Europe and is involved in many international field experiments. The coastline near Mace Head is rocky and descends gradually into the sea. The tidal variations are less than 5 m in height. In the sea, in the direct vicinity and opposite the station, there are four uninhabited small islands, respectively St. Macdara's Island at about 2.5 km, Croaghnakeela at 4.3 km, Illaunagroagh More at about 3.8 km and Illaunagroagh Beg at about 4.2 km from the site. The area of the islands varies from about 0.1 km 2 to about 1.0 km 2 . The nearest main land is in northwesterly direction at a distance of about 6 km. The station has two laboratories and a 22 m high scaffold tower near the shore line. During PARFORCE, an extra but smaller scaffold of about 8 m was erected for aerosol measurements. Additional information on the Mace Head Research Station, including a list of publications related to activities on the site, can be found on web site http://macehead.physics.nuigalway.ie. The backscatter lidar was operated from within a small van in front of the high tower between about 20 m and 150 m from the sea at a huge rock between about 8 m and 12 m above the sea level, depending on the tide. From this position, the lidar had a free field of view in a sector of about 130 degrees over the ocean in westerly direction. A description of this lidar and some of the results obtained with this system are presented in the next section.
BACKSCATTER LIDAR

Theory
Lidar (LIght Detection And Ranging) is a widely used remote sensing technique for atmospheric research [12] [13] [14] [15] [16] [17] [18] and is the optical equivalent of radar. The principle of lidar is based on measuring part of the light scattered by atmospheric particles induced by a travelling laser pulse. During PARFORCE a so-called bi-axial, quasi-monostatic backscatter lidar with direct detection was used to measure profiles of the atmospheric volume backscatter coefficient. The terms 'bi-axial' and 'quasi-monostatic' imply that the transmitter and the receiver are geometrically separated but housed in a compact unit. Compared to coaxial systems this set up has a reduced signal dynamic range within a single waveform but with the consequence that a complete overlap between the transmitter and the receiver field-of-view is only obtained after a certain distance. Waveforms from a backscatter lidar reflect the spatial atmospheric backscatter coefficient and are, apart from a few physical constants, directly proportional to the energy of the emitted light pulse and the area of the receiver. For relatively clean atmospheres it is common practice to use a simple, single scatter, lidar model such as given by equation (3.1). Equation (3.1) is only applicable for ranges larger than the cross over range between transmitter and receiver and for ranges that are large compared to the physical length of the laser pulse. The noise term and the offset are unavoidable terms in the measured signals.
The backscatter and extinction coefficients in equation (3.1) are atmospheric parameters which are commonly inverted from lidar signals after a correction for offset, system parameters and range. The modified signal is written as:
The first term on the right hand side describes the backscatter profile, attenuated by the path integrated extinction coefficient and the second term describes the noise. Due to correction for R 2 the noise becomes more pronounced for larger distances where the signal-to-noise ratio is low.
Although the components of our lidar are calibrated, neither the backscatter profile nor the extinction profile can be inverted from equation (3.2), even not under ideal conditions of negligible noise and offset, because this single equation contains two unknowns. Common practice to avoid this dilemma is to assume a (fixed) relation between the backscatter and the extinction coefficient, which leads to an integral equation in either of the two quantities. However, solutions of this integral equation to profiles of extinction require also extra information (so called boundary condition) either in terms of a reference extinction coefficient [19] [20] [21] [22] at a certain range or the transmission losses [23] [24] [25] [26] over a certain range interval. Also other methods have been proposed in the last decades but there is still no concensus [27] [28] [29] . Therefore, no further attempts are made to solve for the extinction or the backscatter profiles, and the results will be presented in terms of the so called 'attenuated atmospheric backscatter profiles' given by equation (3.2) . In cases that the atmospheric extinction is low and for short distances the exponential term vanishes. Processing provided either profiles of S(R) or profiles of ln[S(R)] which are presented in this paper.
System
The transmitter in the lidar is a commercial 200 mJ, 20 Hz laser operating at a wavelength of 1.06 µm. The 8 ns laser pulse duration can provide a spatial resolution of about 2 m. The receiver is constructed from a 20 cm diameter optical telescope and an avalanche photodiode with a signal bandwidth of 30 MHz and a dark noise level of about 0.5 nW. The separation between the axes of the laser and the receiver is 25 cm, which results in a cross over range of about 200 m. A 200 MHz analogue logarithmic amplifier is used to suppress the large dynamic range of the signal, which, in turn, feeds an 8 bits, 200 MHz analogue-to-digital converter. The digital signals are stored on disk for offline processing. A computer controlled platform with an adjustable scan speed in the range from about 0.5 to 75 degrees-per-second is used to adjust and scan the lidar in both horizontal and vertical directions.
Operating modes
Different types of measurements were undertaken with the lidar during PARFORCE: (a) in a fixed horizontal direction, parallel and perpendicular to the wind, (b) under a fixed elevation angle, (c) horizontal scans and (d) vertical scans. Each measurement was carried out twice and the whole series was repeated every hour, as far as possible. The lidar data were processed immediately after the measurement and presented in false color images of attenuated atmospheric backscatter coefficients using a rainbow like color scale. In this paper, however, a gray scale is used, which results in a loss of detailed structures. Data from horizontal scans are projected as 'plane position indicators' or PPI images over a map of Mace Head and environment. In a similar way, the data from the vertical scans are transformed to 'range to height indicators' or RHI images. PPI and RHI images are commonly used to present radar and lidar data [30] [31] [32] [33] [34] . More sophisticated presentation methods exist 16, 17, 35 . To assure that the complete Cartesian coordinate system is filled, each pixel in this system is projected to the nearest measured data sample in the polar coordinate system. Complete images, but also parts of images, can be magnified and/or stretched in either or both x-and y-direction. Redundant data points at short ranges were skipped and missing data points at larger ranges were filled using a zero order interpolation routine. The temporal behavior of aerosol plumes was visualized by combining a large number (between 20-125) of lidar scans, which were recorded in limited time. After processing of the data, these series of images were presented as movies. These movies clearly show the generation and transport of locally produced aerosols over the bay near Mace Head. A few examples of false color representations of the atmospheric attenuated volume backscatter coefficient are presented in the subsequent sections. The presented data were measured with a radial resolution of 12 m and an angular resolution of better than 0.1 degree.
LIDAR RESULTS
Boundary layer Depth
The depth of the atmospheric boundary layer and the height of the cloud layers are estimated from attenuated backscatter profiles either obtained at a fixed elevation angle or from vertical lidar scans. Boundary layers can be identified from the enhanced backscatter with a relatively strong negative gradient across the top and cloud layers often show a relatively strong backscatter coefficient. In many occasions additional (cloud) layers could be observed above the boundary layer. An example of a time series of the vertical backscatter profile coded in gray tone, with relatively strong organized convective structures in the lowest kilometer, is presented in Figure 4 
Horizontal scans
Horizontal scans were carried out over the ocean in westerly directions between 210 and 340 degrees, with respect to north (WRTN), after a careful horizontal alignment of the lidar. The mentioned segment, which was limited by the position of the lidar in the shelter, covered the most interesting part of the bay near the station and was large enough to study the generation and transport of aerosol. After processing, the lidar results were projected over the map of Mace Head and environment to locate the aerosol sources. The gradual change in gray tone with increasing distance from the lidar is partly caused by atmospheric attenuation and partly by cross talk from the laser power supply at that time. Obstacles in the field-of-view of the lidar block the outgoing laser radiation. Consequently no atmospheric return is available from the areas behind the relatively high elevated islands St. Macdara at about 240 degrees, Croaghnakeela at about 270 degrees and the Illaunagroagh More at about 300 degrees and cause shadowing effects in the false color figure. The mountainous area in northwesterly direction has similar effects. The difference in gray tone between shadowed and non-shadowed adjacent areas indicate that scattering from atmospheric aerosol is received from distances of more than 10 km. The strong signals at about 250 degrees WRTN, between 7 km and 10 km from the lidar, are caused by waves breaking on rocks slightly below the water surface. Most striking and important are the aerosol plumes produced at the easterly shorelines of Croaghnakeela and the two Illaunagroagh islands. In this example these plumes are up to 2 km wide. They are detected at a distance of 4 km from the source and they transport freshly generated aerosol towards the station. Aerosol plumes from the subsurface rocks have comparable lengths. The magnitude of the attenuated atmospheric backscatter coefficients within the plumes near the sources is about 1. Because the spatial resolution of the lidar data is much higher than can be displayed in Figure 4 .3 it is possible to zoom in on the results to present more detail. An example of an enlarged portion of the latter figure around the island Croaghnakeela, west of Mace Head, is presented in Figure 4 .4. Note that this figure is not just a magnification of the selected portion or reconstructed by interpolation but is created in such a way that each pixel in this figure refers to a single sample in the 'raw' lidar data set. This figure clearly shows that the plumes are generated over the whole width of the islands and that it is constructed from multiple smaller aerosol patches. Possibly each patch is the result of a single braking wave. Note that the width of the plumes varies only slightly and that the backscatter decreases with the distance to the source, which might be an indication of the vertical dispersion of the aerosol. However, the results in Figures 4.7 and 4.8 do not confirm this. The relatively dark area (thus a lower backscatter) in the first 100 m from the lidar reflects the cross over effect of the outgoing laser pulse and the field-of-view of the receiver.
Another example showing the results of a horizontal lidar scan during a period of northwesterly wind (U 3m = 1.9 m.s -1 , T air =12.9 °C, RH=77,5 %, T sea = 14.4 °C and low tide) is presented in Figure 4 .5. This figure is constructed from 1438 individual lidar measurements with a range resolution of 12 m and projected over the map near Mace Head. In this example, the widths of the plumes are much smaller than those presented in the previous figures and the lengths of the plumes are larger. Also a large amount of aerosol is produced on the northern shorelines in the bay and plumes are detected over a distance of more than 10 km. It is noted that the directions of the plumes in the bay vary somewhat, indicating a variable wind direction over the bay at this low wind speed. The backscatter coefficient over the whole length of the plume coming from the Croaghnakeela island was 1. Figure 4 .6a shows in more detail the plumes generated on the small islands at about 4.5 km from the lidar and Figure 4 .6b shows the plumes generated by waves breaking on subsurface rocks to more than 10 km from the lidar. The attenuated backscatter coefficient in the latter plumes is approximately 1.6 . 10 -6 m -1 sr -1 . Part of the plume from Croaghnakeela is visible in the top right part of this figure.
Vertical measurements
The vertical distribution of the atmospheric backscatter coefficients over the sea out to ranges of more than 10 km is obtained by scanning the lidar in elevation angle. Systematically, a number of RHI-scans were carried out at fixed azimuth angles: over Croaghnakeela's most southern coastline as well as over its highest point, over the straight between Croaghnakeela and the Illaunagroagh islands, over the straight between the two Illaunagroagh islands, and finally slightly north of the Illaunagroagh More island. Hundreds of high quality vertical lidar data sets were obtained and processed during the experiment.
An example of the attenuated backscatter coefficients inverted from a vertical lidar scan, in a plane perpendicular to the line between Mace Head and the island Croaghnakeela is presented in Figure 4 .7 (data measured in the same period as those presented in Scattering from within the cloud can be observed over a depth of approximately 400 m and over the whole horizontal extent of the cloud. Below the cloud a complex layered structure of aerosol scattering is measured. At distances of 4 km and more, two layers can be distinguished below the cloud base. One that extends from the surface to about 500 m altitude and one that varies in the interval between 600 m and 1100 m altitude. The vertical structure of the backscatter coefficient between the lidar and the island differs significantly. Near the surface the aerosol plumes generated by breaking waves on the shores of the island have a much stronger structure than the aerosol at larger heights. Apparently this aerosol is not well mixed and acts as a tracer for the local turbulent atmospheric eddies. Note that the lidar measures these structures over the whole range interval between the island and the main land, and that vertical mixing is only limited to the first 300 m above the surface. Therefore it is concluded that in this case the aerosol generated at the shoreline of Croaghnakeela influences the concentrations at the Mace Head station. 
Movies
The relatively high-spatial resolution of horizontal and vertical atmospheric cross sections obtained with the backscatter lidar have provided instantaneous images of aerosol sources and the extent of the resulting plumes. Additional information is obtained by repeating the measurements and combining the images to movies. A reasonable repetition rate was obtained by increasing the scan rate (15 to 20 seconds per scan) and lowering the angular resolution. Up to 125 scans were sequentially carried out and subsequently processed to false color representations of the attenuated atmospheric backscatter coefficient. These series of images were combined in AVI files that can be replayed on standard personal computers. Movies of horizontal lidar cross sections clearly show a high degree of coherence in the meandering plumes and their extent in the direction of the wind. Movies of vertical lidar scans, on the other hand, are most informative if carried out in the direction of the wind. This type not only shows the evidence of aerosol advection but also the vertical transport of the aerosol. Aerosol patches rising to the top of the boundary layer at altitudes of 1 km have been observed. A number of these movies are available on the PARFORCE web site of the National University of Ireland, Galway: http://macehead.physics/nuigalway.ie/ parforce.
CONCLUSION
During the PAFORCE experiments in September 1998 and June 1999, a backscatter lidar operating at a wavelength of 1.06 µm was used to measure the atmospheric attenuated backscatter coefficient, the depth of the boundary layer and the height of the cloud layer. The lidar was also used in the horizontal (PPI) and vertical (RHI) scanning modes to monitor the spatial variation of the aerosol over the bay near the Mace Head observation station. The lidar was mounted in a shelter at about 100 m from the sea with a free field-of-view of about 130 degrees over the Atlantic Ocean at about 10 m above the mean sea level. In the bay near the station are a few small uninhabited small islands at distances between about 2.5 km and 5 km and a number of scattered rocks at distances between about 7 km and 10 km. The nearest point to the mainland within the field-of-view of the lidar is about 6 km. Horizontal scans have shown that the (sub surface) rocks and the islands, but also the shores of the main land, are intensive and continuous sources of sea spray aerosol. Meandering of the plumes with a high degree of coherence have been noticed from movies of horizontal scans carried out over periods between about 20 and 50 minutes. The lidar has also clearly demonstrated that in conditions that the wind is coming from over the islands (St Macdara's Island, Croaghnakeela and the Illaunagroagh islands) the aerosol concentration at the Mace Head station can be influenced by sea spray aerosol produced by breaking waves on the coastline of these islands. The aerosol plumes from the rocks have been observed over distances to about 10 km. Results of vertical lidar scans showed that vertical extent of the plumes is generally less than about 200 m, but in some occasions more than 500 m. Movies of a large number of consecutive vertical scans have shown that patches of aerosol plumes are taken aloft in the boundary layer to an altitude of more than 1 km. The depth of the boundary layer during the PARFORCE experiments varied between about 200 m and about 1200 m, with an estimated average of about 600 m. Occasionally, a gradual increase of the boundary layer depth was observed throughout the day and sometimes also a gradual decrease of the boundary layer depth was noticed during the evening. The height of the lowest cloud base varied between about 200 m and about 2000 m altitude. In many occasions the boundary layer was capped by a cloud deck generally between 500 m and 2 km altitude.
